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ABSTRACT
TERAHERTZ RADIATION FROM ELECTRICALLY
DRIVEN GRAPHENE, SINGLE WALLED CARBON
NANOTUBES, AND PLATINUM NANOSTRUCTURES
SEPTEMBER 2016
MARTIN M. MUTHEE
B.Sc., UNIVERSITY OF MASSACHUSETTS, AMHERST
M.Sc., UNIVERSITY OF MASSACHUSETTS, AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Sigfrid K. Yngvesson
Terahertz power generation continues to be a subject of great interest owing
mainly to the sparsity and diversity of sources. Though there has been remarkable
development in sources, ranging from quantum cascade lasers, time domain spec-
troscopy systems and multiplier sources, there still exists hurdles when it comes to
integration and application. While some sources excel in a particular attribute like
power, they are severely limited when it comes to on-chip or system integration, for
example. Furthermore, tunable bandwidth and power are inversely related. Electri-
cally driven radiation sources are emergent and this thesis presents work in terahertz
generation from arrays of nano-structured graphene, single walled carbon nanotubes
and Platinum thin films that are joule-heated and antenna-coupled. As a means of
generating terahertz power, this method is simple, while being amenable to monolithic
integration with other systems. In single walled carbon nanotube antenna coupled
vi
arrays, a measured radiated spectrum that followed the length dependent plasmon
resonance model native to one dimensional conductors was demonstrated. Further-
more, the total measured radiated power from graphene and single walled carbon
nanotube devices surpassed that predicted by the Nyquist formula while Platinum
based arrays fell within the prediction, which is used to describe power from a purely
thermal source. Finally, the devices fabricated and measured in this work were very
compact and suitable for application in integrated circuits.
vii
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CHAPTER 1
BACKGROUND AND MOTIVATION
1.1 Summary of Terahertz Sources
THz power generation continues to be a subject of great interest owing mainly
to the sparsity and diversity of sources. There has been remarkable development
in sources, ranging from quantum cascade lasers (QCLs), time domain THz (THz-
TDS) systems and multiplier sources, yet there still exists hurdles when it comes to
integration and application. THz sources can generally be divided into the following
categories [46]:
• Electronic (Vacuum, Solid state)
• Lasers
• Laser-pumped sources
• Thermal sources
While some sources excel in a particular attribute like power, they are severely
limited when it comes to on-chip or system integration, for example. Furthermore,
tunable bandwidth and power are often inversely related. Figure 1.1 and 1.2 show
a comprehensive summary of THz sources showing their radiated power versus fre-
quency range. The main relationship of note is the fact that as the frequency gets
higher the power decreases, with the exception of quantum cascade lasers (QCLs). As
the various sources traverse the electromagnetic spectrum, they are either viewed as
electronic or optical sources. Electronic sources produce a lot of power at relatively
1
Figure 1.1: Performance of solid state sources [28].
low frequencies but as the frequency increases, and the corresponding wavelengths
shorten, they operate very inefficiently and with additional losses, have a marked
reduction in power [77]. Optical THz generation usually involves either generation
using ultrafast photocurrents in a photoconductive switch or nonlinear optical effects
such as optical rectification, difference frequency generation and optical parametric
oscillators.
The ideal THz source would be one with high output power, small in size such
that it can be integrated with some other systems, and that can be operated at high
speeds. Electronic and multiplier sources are expensive while being limited to sub-
THz frequencies while optical sources are bulky and can be inconvenient to use while
QCLs require cooling for normal operation. These shortcomings support the continu-
ing research and development of THz radiation sources. Another method of implicitly
generating THz radiation is through heating. Thermal radiation as described through
Planck’s radiation formula contains a myriad of frequencies depending on the tem-
perature. The most commonly used sources of this type are Globars and Mercury arc
2
Figure 1.2: Performance of electronic and optical THz sources [70].
lamps. The sources provide radiation from THz , MID-IR, NIR up to optical regime,
and are therefore very broadband. The total power is upwards of tens of mW but
these sources are commonly bulky, with Mercury arc lamps requiring cooling during
operation. These sources are simple given that they are electrically driven by a DC
voltage but their size limits their modulation speeds and ability to integrate with
small systems. In this work, THz radiation from DC biased nanostructured sources
will be discussed, and in the next section a review of electrically driven miniaturized
or nanostructured sources is offered.
1.2 Electrically Driven Thermal Light Emission
Electrically driven THz generation from nanostructure based sources has remained
largely unreported in literature outside of our previous work [52, 51]. However, other
studies have reported thermal radiation from SWCNTs, Graphene and metallic thin
films spanning MID-IR to optical regime. In SWCNTs, electrically driven light emis-
sion has been measured from individual SWCNTs [50, 49] as well as films [33]. For the
3
Figure 1.3: Measured emission from an individual SWCNT device [49].
various devices, light emission was either attributed to electroluminescence through
band to band transitions or black body thermal radiation.
Figure 1.3 shows the measured emission from an individual SWCNT device.
A novel approach to controlling the wavelength of the emitted light is shown
in [75] where a microcavity is used in conjunction with the SWCNT to produce a
narrow spectrum. The microcavity due to its high quality factor reduces the density
of photonic modes and therefore narrows the spectrum. Figure 1.4 shows the resulting
measured spectrum from such a device (inset). In [50] high speed modulation of a
SWCNT film is achieved by coupling the SWCNT film to a co-planar waveguide. Due
to the low heat capacity and high thermal conductance of SWCNTs the temperature
response of the device would allow up to 1− 10 Gbps. This is noted to be 106 faster
than conventional incandescent emitters and the circuits lends itself to monolithic
integration.
A similar microcavity device based on monolayer graphene was studied in [18]. As
with the SWCNT device, the emitted spectrum is modified from the purely temper-
ature dependent Planck distribution to one controlled by the resonant cavity. Figure
1.5 shows a schematic of the device, with and without a cavity, and the resulting
measured spectra.
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Figure 1.4: Measured emission from a SWCNT device coupled to a microcavity [50].
Figure 1.5: (a) Illustration of light emission from graphene inserted in microcavity.
(b) measured emission [18].
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Figure 1.6: (a) Schematic of the experimental setup to interfere the infrared thermal
radiation from a heated platinum nanowire with its image in a movable mirror. (b)
Interference fringes at 300 and 500oC for a 125 nm wide platinum nanowire [42].
Light emission from electrically driven metallic thin film devices, specifically from
Platinum, are investigated in [42, 43, 31], and have also shown the characteristic
Planck distribution. Platinum is a good candidate for thermal radiation due to the
high temperature it can get to before electrical breakdown. In terms of radiation
mechanisms, metallic films are expected to radiate purely through resistive heating.
However, spatial coherence has been observed as shown in figure 1.6 and also spectral
modifications based on size of the heated element in figure 1.7. A further conse-
quence of nanostructuring the source results in the tunability of the polarization of
the emitted radiation with changing temperature.
All the aforementioned examples highlight the ability to tailor thermal radiation
from its basic Planck form by nanostructuring the radiating surfaces or by coupling to
other structures like microcavities. The examples highlight the feasibility of tunability
in electrically driven thermal sources.
1.3 Blackbody Radiation Basics
Joule heating to produce radiation is essentially energy conversion, where heat
is converted to photons and is known to occur naturally in the form of blackbody
6
Figure 1.7: Measured spectrum from Pt devices with varying dimensions [43].
radiation. It follows that a fundamental attribute of any heated object is the emission
of thermal radiation. Blackbody radiation can be defined as radiation from a cavity
in which the electromagnetic modes are in thermodynamic equilibrium with the walls
at a given temperature. According to Planck’s radiation law, radiation from such a
cavity has a spectrum and intensity dependent only on temperature and frequency [64,
58] and a total radiated energy proportional to the fourth power of temperature, as
described by the Stephan Boltzmann law. Black body radiation is considered to be
incoherent, unpolarized and broadband due to the uncorrelated thermal fluctuations
in the blackbody cavity. The following is a derivation of Planck’s law in three and
one dimension from a cavity in thermodynamic equilibrium and they will be used to
predict the total power measured later in chapter 5:
(a) 3D
The electromagnetic mode density in three dimensions is first derived, using the
geometric construction shown in figure 1.8 and beginning with the requirement
that the modes must satisfy the electromagnetic wave equation given by,
d2E
∂x2
+
d2E
∂y2
+
d2E
∂x2
=
1
c
d2E
∂t
(1.1)
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the solutions to which are of the form:
E(x, y, z) = Eosin(kxx)sin(kyy)sin(kzz) (1.2)
and imposing the boundary condition that the electromagnetic fields equal zero
at the cavity walls yields wave vectors as
kx =
pi
L
nx; ky =
pi
L
ny; kx =
pi
L
nz (1.3)
and therefore,
k2 =
pi2
L2
(n2x + n
2
y + n
2
z) (1.4)
where nx,y,z are positive integers and L is the length of the cavity. Therefore,
the allowed modes in the cavity form a grid defined by equation 1.3, where the
modes are separated by pi/L as shown in figure 1.8 and where there exists only
one mode per unit cell with a unit volume given by (pi/L)3. The total number of
modes N contained between k and k+dk is equal to the volume of the spherical
shell with radius k and thickness dk (gray region in figure 1.8) divided by the
unit volume (pi3/L3). Since the wave equation solution is valid only for positive
n values only an eighth of the sphere is used. Furthermore, to account for two
polarizations of the electromagnetic field the equation is further multiplied by
two. Therefore,
N(k) =
pik2dk
( pi
L
)3
=
L3k2dk
pi2
(1.5)
and using,
k =
2piν
c
(1.6)
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and the fact that L3 is the cavity volume, the mode density per unit volume is
therefore given by,
N(ν) =
8piν2
c3
(1.7)
The well known Planck’s blackbody law which describes the spectral density
(S3D) of the emitted radiation is then given by the product of the modes in
equation 1.7 and the average energy of a photon hν and by the number of
photons in the mode as described by the Bose-einstein distribution function [64,
58] as,
S3D =
(
8piν2
c3
)
hν
e
hν
kT − 1
[
J
m3Hz
]
(1.8)
The radiated power (P3D) is given by the total energy density scaled by c/4 [58]
and is equal to:
P3D =
(
2piν2
c2
)
hν
e
hν
kT − 1
[
W
m2Hz
]
(1.9)
Since ν = c/λ, the term in brackets represents the inverse mode area. For a
single polarization, the mode area Amode is then given by,
Amode =
λ2
pi
[
m2
]
(1.10)
Figure 1.9 shows the 3D the radiated power versus frequency for three (800, 500, 300K)
different temperatures.
(b) 1D
Blackbody radiation can propagate in a single dimension as is the case in a
transmission line. In fact, thermal noise in electronic circuits, as described by
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Figure 1.8: (left) Geometric construction for counting the number of modes in a
cavity. (right) unit cell of the cavity [2]
Figure 1.9: Planck radiation spectrum for three different temperatures.
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the Johnson-Nyquist formula [35, 57] is a special case of blackbody radiation
in one dimension. To find the electromagnetic mode density in this case, a
transmission line shorted at both ends is considered [58]. The transmission line
is resonant whenever the length l is an integer multiple of a half wavelength,
and therefore the number of modes upto a frequency ν is given by,
n =
2lν
c
(1.11)
Making l sufficiently large results in a total number of modes given by,
lim
l→∞
1
l
dn
dν
=
2
c
(1.12)
Therefore in single mode propagation, the mode density is a constant indepen-
dent of frequency. The 1D Planck energy distribution following the procedure
from the 3D case is then given by,
S1D =
(
2
c
)
hν
e
hν
kT − 1
[
J
mHz
]
(1.13)
The radiated power in 1D is given by the total energy density scaled by c/2 [58]
and is equal to:
P1D =
hν
e
hν
kT − 1
[
W
Hz
]
(1.14)
Figure 1.10 shows the 1D radiated power versus frequency for two (700K and
300K) temperatures and the difference in radiated power between the two (pur-
ple line).
In practice single mode propagation may be achieved by coupling to an antenna,
which by definition only supports propagation of a single mode. In that case, the
11
Figure 1.10: Planck radiation spectrum in 1D.
radiation source would be directly connected to an antenna. The immediate conse-
quence is that the single mode radiated power due to equation 1.14 is invariant for
hν << kT in the low THz range as shown in figure 1.10. In the 3D case, the radiated
power increases as ν2 when hν << kT .
To measure the power from a blackbody source, the difference between the radi-
ated power at the ambient temperature (COLD) and that of the source temperature
(HOT) is considered. In the low frequency limit following the previous discussion, the
measured power is simply given by the Johnson-Nyquist approximation [35, 57] for
power due to thermal noise, as shown in equation 1.15, where B represents the band-
width of the antenna. The power available for measurement is therefore by equation
1.16 and is depicted by the purple line in figure 1.10.
Pavailable = kTB (1.15)
Pmeasured = k(THOT − TCOLD)B (1.16)
In the previous section, nanostructured materials for thermally generated radia-
tion have been clearly shown to control blackbody emission. Tailoring the spectral
properties of thermal radiation to emphasize power in the THz regime forms the basis
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of this work. With an emphasis towards antenna coupling, previous work [52] focused
on THz emission from single antenna devices, with designs based on double patch,
bowtie, slot and microstrip antennas. As an example, figure 1.11 shows the measured
THz spectrum from a device based on a SWCNT film coupled to a double patch
antenna. The measured spectrum has a much narrower width compared to that of
a radiator described by equation 1.9 at a given temperature, and this result clearly
shows the antenna effect. Furthermore, the measured spectrum is shown to follow the
simulated antenna response and implies that the antenna would control the attributes
of the radiation, including bandwidth and polarization. To create the thermal agi-
tation necessary to produce the radiation, the SWCNT film was electrically driven
using a DC current. In this work, we show results from SWCNTs, graphene and Pt
films.
Electrically driven light sources based on SWCNTs and Platinum thin films have
been previously studied but primarily in the optical and NIR regimes. In the THz
regime, our work remains the only demonstration of the same as far as we know.
Our previous work on single antenna emitters has shown measurable but relatively
low power up to a few tens of nW and approximately 20 nW for device inset in
figure 1.11 which when measured with a low pass Zitex filter is expected to scale 4−5
times lower. To increase the radiated power we use power combining techniques,
and specifically we use arrays of single antenna radiators that add power spatially.
This method of using quasi-optical arrays has been used extensively in infrared and
mm-wave detector and sideband generator arrays [65, 15]. The main advantage of
combining power spatially as opposed to an on-circuit combining scheme is the lower
losses since the power combining occurs in air. Furthermore, in this topology, the
thermal source is directly coupled to the antenna and the need for complicated feed
networks is eliminated. Finally, device failure can be mitigated by having a large
number of array elements.
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Figure 1.11: Measured THz spectrum from edge coupled SWCNT device in the inset.
Figure 1.12: (left) Sheet of graphene (right) rolled up sheet to form SWCNT.
1.4 Carbon Nanotubes and Graphene Basics
1.4.1 Structure and Electronic properties
Graphene is a one atom-thick sheet made from hexagonally arranged carbon
atoms [56] and is therefore a purely 2D allotrope of carbon. Carbon nanotubes are 1D
allotropes of carbon that are essentially rolled up graphene sheets which form a hollow
tubular structures [45]. As shown in figure 1.12 a single graphene sheet (left) can be
rolled up to form a hollow cylinder. Carbon nanotubes made from a single graphene
sheet are known as single-walled carbon nanotubes(SWCNTs). Multiwalled carbon
nanotubes (MWCNTs) are made up of multiple sheets rolled up concentrically.
A graphene sheet is generated from two basis vectors, ~a1 = a(
√
3, 0) and ~a2 =
a(
√
3
2
, 3
2
) where a = 0.142nm is the carbon-carbon bond length [45] as shown in
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Figure 1.13: Sheet of carbon atoms. Ch shows direction in which tube would be rolled
and T denotes the tube axis. a1 and a2 are unit vectors of the sheet and n,m are
indices [1]
figure 1.13. The circumferential vector Ch corresponds to the side of the graphene
sheet that would eventually become the CNT circumference and is given by
C = na1 +ma2 (1.17)
where the nanotube diameter is given by,
a
pi
√
(n2 + nm+m2) (1.18)
The vector ~T shows the nanotube axis. Based on the indices n and m there are
different types of SWCNTs:
• Zigzag: m=0 and ~C lies along either a1 or a2
• Armchair: n=m and ~C lies along the direction exactly between a1 and a2
• Chiral: n 6= m
The electronic properties of CNTs arise from the geometry dictated by equa-
tions 1.17 and 1.18. CNTs are either metallic or semiconducting depending on the
indices n,m. Metallic tubes are formed when n − m = 3p where p is an integer,
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Figure 1.14: (a)Graphene band structure. (b)Zoom of the band structure close to
the zero crossing point. (c)Model energy dispersion. (d)Density of states of graphene
close to the Dirac point. The inset shows the density of states over the full electron
bandwidth [14]
semiconducting when n−m = 3p + 1 [45]. Graphene is known as a semi-metal or a
zero gap semiconductor. The electronic band structure that yields these properties
is shown in figure 1.14 for graphene and 1.15 for SWCNTs. The graphene dispersion
relation shows a zero band gap with a linear density of states. Metallic SWCNTs
do not have a band gap while semiconducting SWCNTS have one, however, metallic
SWCNTs are predicted to have small band gaps induced by curvature effects [45]
and are consequently known as quasi-metallic SWCNTs. The density of states for
SWCNTs have sharp peaks known as van-hove singularities. The density of states
predicts the optical characteristics of a material due to band-band transitions.
1.4.2 Synthesis
The two main ways commonly used to produce graphene sheets are:
16
Figure 1.15: Schematic of the bandstructure and density of states of a metallic nan-
otube (left) and semiconducting carbon nanotube (Right) [54]
• Exfoliation: In this method single or multiple layers of graphene are stripped off
of a graphite crystal by force. One of the most popular way to exfoliate graphene
sheets is using the adhesive tape method, where a crystal of graphite is stuck
on adhesive tape and then peeled off, after which single or multiple layers exist
on the tape. The tape is then attached to a substrate to transfer the layers. A
process of microscopic identification and/or repeated exfoliation is then used to
yield single layer graphene. Another exfoliation methodsis ultra-sonication [21].
• Epitaxial growth: Chemical vapor deposition is popularly used to grow graphene
sheets on substrates like Ni [39] or copper [47] when exposed to reactive gases
at high temperatures. Another method of epitaxial growth is through decom-
position of SiC at high temperatures where the Si is sublimated leaving behind
a sheet or sheets of carbon atoms [25, 17]
Several CNT synthesis methods exist that allow for production of nanotubes in
large quantities. The main methods are briefly described below [52].
• Arc discharge: S. Iijima in his initial experiment produced Multi-walled CNTs
using DC arc discharge. The principle is generally as follows: An arc discharge
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is generated between two graphite electrodes in a chamber with a partial He/Ar
pressure, which causes the temperature to increase to 6000oC. At this high tem-
perature, the Carbon in the graphite anode sublimates and during the process
Carbon atoms are ejected forming a plasma. The atoms migrate towards cooler
parts of the chamber, arranging themselves such that nanotubes accumulate
on the cathode. MWNTs are naturally formed, but the presence of catalysts,
transition metals like Fe, Co and Ni, causes SWNTs to be produced
• Laser ablation: Two methods exist depending on whether the laser is pulsed
or CW. In a pulsed laser system, a Nd-YAG laser pulse sublimates a solid
graphite target into an inert gas which flows through a quartz tube inside a
high temperature oven. Nanotubes grow on the cooler parts of the chamber as
the vapor condenses. In CW, a much lower laser light intensity is used.
• High Pressure Carbon monoxide (HiPCO): SWNTs are grown in high pressure,
high temperature flowing CO on catalytic clusters of Iron. The iron clusters
serve as particles on which the SWNTs nucleate and grow.
• Catalytic Chemical Vapor Deposition: In this process, a Carbon-containing gas
like Acetylene is catalytically decomposed over a metal catalyst, leading to CNT
growth.
1.4.3 Plasmons
Plasmons are collective electron oscillations in a conducting medium. They prop-
agate along the surface of a conductor and can be thought of as light trapped on the
surface as free electrons oscillate in resonance with the electromagentic field of the
light waves [6]. The immediate consequence of this interaction is the confinement and
slowed propagation of light. Electrons in a bulk conductor are known as a fermi liquid,
and are adequately described by the Landau-Fermi theory [41] and it follows that in
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ordinary metals plasmon resonances occur at high optical frequencies depending on
the electron mass and carrier density. The plasmon frequency scales as n
1
2 [6]. Cop-
per for example has a carrier density of approximately 1023cm−3 yielding a plasma
frequency in the U-V region. In graphene and SWCNTs, electrons and therefore
plasmons behave differently owing to their 2D and 1D nature respectively. Plasmons
in graphene are different in that they are oscillations of 2D massless electrons whose
plasmon frequency scales as n
1
4 [22, 76].
In 1D conductors such as SWCNTs, the Landau-Fermi formulation for describing
the electrons in the conductor breaks down due to the strong Coulomb interactions
in the 1D system. Instead, the Tomanaga-Luttinger theory [23, 48, 69] is used to de-
scribe the electrons, aptly known as a Luttinger liquid in which the plasmon resonant
frequency is dependent only on the conductor length and the number of quantum
conducting channels [66]. They propagate at the fermi velocity vf , scaled by a factor
g that represents the strength of the Coulomb interactions [9]. Therefore, plasmon
resonances are fundamentally length dependent for 1D conductors. The most appar-
ent difference, therefore, between bulk conductor plasmons and graphene/SWCNT
plasmons is the plasmon frequency. For typical metal carrier densities, metals are
resonant in the optical regime while graphene at much lower THz frequencies. For
typical SWCNT length, plasmons are resonant in the THz regime.
Experimentally, plasmonic effects have been observed most readily in broadband
absorption spectra measurements in graphene and SWCNT films. In these experi-
ments, broadband light is reflected or transmitted through films and the absorption
spectrum measured. In SWCNT films, broadband absorption spectra have univer-
sally elucidated a broad and strong THz conductivity peak (TCP) [27, 10, 4, 67, 68,
55, 11, 32, 37, 80]. Two mechanisms have been proposed to explain the peak, one
based on length dependent plasmon resonances [67, 4, 10, 80] and the other based on
interband transitions in small bandgaps [37, 32, 11, 55]. Figure 1.16 shows the typical
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Figure 1.16: (a) Absorption spectra from metallic (red) and semiconducting SWC-
NTs(blue) [80], (b) Absorption spectra from 3 different films made from sonicating
SWCNTs for different times [4],(c) Absorption spectra from parallel and perpendic-
ularly oriented SWCNTs [27]
result where a broad peak is observed at the THz range with other pronounced peaks
seen in the optical range.
The high optical frequency peaks are attributed to interband transitions which
occur in the van hove singularities seen in the density of states 1.15 and are in both
metallic and semiconducting CNTs. The observed optical peaks fit the band-band
transitions according to the order the peaks are observed. That is, the first peak cor-
responds to the first van hove singularity, with other peaks following the same order.
The inter-band transition mechanism however does not fit the observed experimental
data. Firstly the TCP is seen in both metallic and semiconducting CNTs, and has no
apparent temperature dependence. The small band gaps are predicted to appear only
in metallic SWCNTs with a strong temperature dependence since room temperature
energy (∼ 26 meV) is at the the THz range (∼ 6.3 THz). Furthermore, the TCP is
largely unaffected by doping which should serve to quench the small band gap light
absorption. Taken together, all these reasons negate the small band gap mechanism
as the cause of the TCP. A key feature in 1D plasmons is length dependence which
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appears clearly in measurements and fully supports the plasmon mediated TCP ex-
planation.
Direct measurement of plasmon resonances has recently been demonstrated [66]
for the first time. Using infrared scattering scanning near-field optical microscope (s-
SNOM) infrared light at 6µm or 10µm was focused onto an atomic force microscope
(AFM) tip which allowed for optical excitation of plasmons in the SWCNTs. The
excited plasmon wave propagated along the SWCNT and was reflected at the nan-
otube end and in the process interfered with the excitation wave under the AFM tip.
The scattered radiation was measured by an HgCdTe detector in the far field and as
the tip was scanned along the nanotube, the scattered infrared radiation varied peri-
odically with intensity peaks appearing at positions of constructive interference [66].
Figure 1.17 (a) shows an illustration on the s-SNOM and (b) shows a 3D plot of
the measured intensity of the scattered light along the SWCNT length. Charge os-
cillations are clearly seen under 6µm and 10µm light excitation. Furthermore, the
Luttinger liquid plasmon velocity was extracted for single and bundled tubes and fits
simulations of the expected optical response [53].
Plasmons in graphene have also been observed in broadband absorption measure-
ments. In arrays of graphene micro ribbons [36], a Terahertz absorption peak was
observed in the measurements as shown in figure 1.18. The plasmon resonance ex-
hibited n
1
4 carrier density dependence of 2D electron systems. The measurements
also showed scaling of the peak frequency with the width of the ribbon as W
1
2 . Fur-
thermore plasmon tuning with an applied gate voltage was observed, expected as
more electrons are introduced. Modulation of plasmon frequency and amplitude was
demonstrated by stacking layers of graphene with insulators in between in an array
of finite sized disks [76]. A strong Terahertz absorption peak was observed and mod-
ulated by the disk diameter and spacing, the carrier density and number of layers in
the stacks. Stacking the layers of graphene served to enhance the plasmon amplitude
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Figure 1.17: Illustration of s-SNOM. Infrared (IR) light is focused onto the apex of
a metal-coated AFM tip, the large near-field momentum of which enables optical
excitation of plasmons in the carbon nanotube (CNT) on a hBN substrate. Inter-
ference between the tip-excited plasmon wave and its reflection from the nanotube
end leads to periodic modulation of tip-scattered infrared radiation measured by an
HgCdTe detector in the far field. b, Three-dimensional plot of the near-field scat-
tering intensity (height) along a representative SWNT. Prominent modulation of the
infrared scattering intensity from the one-dimensional plasmon can be observed over
the whole nanotube. Inset: AFM topography image of the same SWNT. Scale bars,
100 nm [66].
22
and also blue shifted the resonant frequency from that of comparable disk dimensions
made from single layers.
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Figure 1.18: (a) AFM image of graphene microarray, (b) Plasmon resonances as a
function of ribbon width, and (c) as a fucntion of gate voltage [36] (d) Extinction
in transmission in stacked plasmonic devices with one, two and five graphene layers.
Inset: schematic of diskdisk coupling in two closely stacked graphene disks [76]
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CHAPTER 2
METHODS
2.1 Device Fabrication
2.1.1 Carbon nanotube devices
Devices were fabricated on high resistivity Silicon substrates with measured sheet
resistances > 100KΩ/2, double sided polish with a thickness ∼ 350µm. Due to
residual conductance, a 300nm layer of SiO2 was deposited either by thermal oxi-
dation, PECVD or thermal evaporation. Electrical connections were defined using
either U-V lithography or e-beam lithography followed by metalization using an e-
beam evaporator (Ti/Au or Ti/Pt) or sputtering (Pd). Typical total metal thickness
was ∼ 50nm. For Platinum based devices, fabrication was complete after the lift off
step. For SWCNT devices, di-electrophoresis (DEP) [44] was used to deposit metallic
carbon nanotubes on the electrodes, where in single antenna devices another fabrica-
tion step was carried out to define the antenna structure. In array devices, DEP was
performed directly on the antenna structures, which formed the array.
Dielectrophoresis is defined as the motion of a suspended particle relative to that of
the solvent due to polarization forces produced by an inhomogeneous electric field [61].
Depending on the polarizability of the particle to that of the solvent, the field strength
could push the particle towards regions of high electric field (Positive DEP) or low
electric field (Negative DEP) [60]. This process is effectively used to deposit SWC-
NTs across a pair of electrical contacts and furthermore to separate metallic from
semiconducting SWCNTs. The time averaged force on a particle due to an ac is
given by [16]:
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FDEP = ΓmRe{Kf}∇|E2| (2.1)
where Γ is a factor depending on geometry, m is the real part of the permittivity
of the suspending medium and E is the electric field. The factor Kf depends on the
geometry of the particle. For a SWCNT with the electrical field parallel to its length,
Kf is given by
Kf =
∗p − ∗s
m
, ∗ = − iσ
ω
(2.2)
where the p and m refer to the particle and the solvent, respectively. Here σ is
the conductivity,  the real permittivity, and ω the angular frequency of the applied
electric field and Γ for the SWCNT geometry is given by,
Γ =
pi
6
r2l (2.3)
where r is the radius and l the length of the cylinder. The real part of Kf ultimately
determines the force experienced during DEP and varies as follows in the high and
low frequency limits,
Re{Kf} =

σp − σ
σm
ω → 0
p − m
m
ω →∞
(2.4)
Semiconducting SWCNTs have a permittivity ∼ 2.5o and a predicted permit-
tivity approaching infinity for metallic SWCNTs [16]. This means that in tubes
dispersed in water (∼ 80o) semiconducting SWCNTs would experience negative
DEP compared to metallic tubes at a suitable high frequency. The metallic CNTS
would then be attracted and deposited across the electrical gap. SWCNTs used in
this work are the CNTRENE 100 product purchased from Brewer Science and the
26
Figure 2.1: Picture showing the DEP setup
IsoNanotubes −MTM from Nanointegris and were obtained dispersed in deionized
water in stable solutions. Prior to DEP, the solution were further diluted in DI water,
with concentrations ranging from 1µl to 1ml of CNTRENE 100 in 20ml of DI wa-
ter. After the dilution, the resulting solution was centrifuged for 3 hours to improve
the quality by removing large bundles and carbon residue and then ultrasonicated
which helped in further SWCNT dispersion. A drop of SWCNTs dispersion was then
placed on the device in the DEP target area as shown in figure 2.1. An ac signal,
∼ 3MHz, 5Vpp is applied through a bias tee and as soon as the ac signal is turned on,
the nanotube deposition process begins and carries on until the signal is turned off as
shown in figure 2.2. After the target resistance is realized, the process is halted and
the drop of solution blown off using N2 gas. The whole process is monitored in real
time by using a Keithley source measure unit (SMU) to apply a small dc bias and
subsequently measuring the current, through the bias tee. Control and monitoring of
the process is done on a computer through a LabV IEW program. The DEP set-up
is shown in figure 2.1.
In some of the devices, a 32nm layer of Al2O3 was deposited via atomic layer
deposition(ALD) after DEP. This was done to improve the performance of SWCNT
devices through passivation. Since SWCNTs burn easily under high current densities,
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Figure 2.2: Graph showing change in current during the DEP process.
the protective dielectric Al2O3 film will be deposited on the devices after DEP would
protect the SWCNTs from environmental contaminants like water and Oxygen. Con-
sequently, under the passivation layer, the tubes would reach higher temperatures
during normal biasing conditions and are thereby be expected to to produce more
power. In the ALD process, Al2O3 is synthesized from trimethylaluminum (TMA)
and water at 200oC. The ALD process is based on sequential cycling of gases, with
each single cycle producing an atomic layer of material. A single cycle in the process
is as follows [30]
• Exposure of TMA (reactant) (TMA reacts with surface of the substrate)
• Purge of reaction chamber to remove unreacted TMA and reaction by products
• Exposure of water (precursor) (H20) reacts with TMA-reacted surface
• Purge of the reacion chamber
Figure 2.3 shows this process in real time. The cycles are repeated until the desired
film thickness is achieved.
28
Figure 2.3: Graph showing the ALD process.
2.1.2 Graphene
For graphene devices, monolayer graphene was mechanically exfoliated on high
resistivity silicon wafer with a 300nm thermally grown SiO2. The layer thickness
is identified by optical contrast and verified by Raman spectroscopy. The source
and drain antenna contacts were patterned with electron beam (e-beam) lithography
followed by sputtering of 30nm palladium.
2.2 Silicon Lens Coupling
After fabrication of a device and after basic dc testing, the device was then at-
tached to a high resistivity Silicon lens using beeswax as illustrated in figure 2.5. To
attach the lens, the device is placed on a heated block with a temperature above
64o C and a speck of beeswax placed on the back side where after it melts the lens is
carefully placed and aligned. The block is then allowed to cool and then mounted in
a metallic block to allow for electrical connections as shown in figure 2.4 through an
SMA connection. Thin indium strips were used to connect the device to the block.
The Si lens enhances terahertz radiation measurements by collimation and increasing
the directivity of the terahertz beam to allow measurement of the beam by coupling
to the quasioptical interferometer.
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The lens creates a continuous dielectric silicon medium which serves to eliminate
substrate modes [19] that occur in integrated antennas on thick dielectric substrates.
Furthermore, due to the directivity of the lens, the antenna tends to radiate most of
its power towards the lens side. Maximum directivity occurs when the antenna is at
the distant focus of an elliptical lens. The radiation from the antenna is collimated
into a gaussian beam with a beam width that depends on the lens aperture size
approximately equal to λ
D
. Radiation from the antenna will tend to radiate most of
its power towards the lens with a power ratio of up to 1.5r [20] depending on antenna
type. A limiting factor while using a silicon lens for large arrays of devices would
be the higher reflection loss due to the number of elements that end up being off
axis as the total internal reflection increases with increasing off-axis displacement.
An important parameter is the X
R
ratio. As shown in figure 2.5 X is the off axis
displacement of the antenna and R is radius of the lens. The reflection loss increases
rapidly for X
R
greater than 0.1 as shown in figure 2.6. Another important measure
also related to X
R
is the gaussicity, which is defined as the coupling efficiency of a
far-field pattern of an antenna to the far-field pattern of a Gaussian-beam [20] and
determines the aberrations caused by the lens. The X
R
ratio is a major concern when
it comes to large arrays of antennas with an upper limit of 0.12 − 0.14 before the
reflection loss becomes significantly high and the gaussicity low.
2.3 Spectral and Power measurements
Spectral measurements were performed on a custom built Fourier transform spec-
trometer using a liquid helium cooled Si bolometer [3] or a Golay cell [71] as the
detector. The choice of detector was based on availability, with the silicon bolomter
detector being the prefered choice due to its relatively much higher responsivity. How-
ever, the liguid helium needed to cool it not always available. Table 2.1 summarizes
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Figure 2.4: Picture of device mounted in measurement block. (left) Back side view
where the radiation emanates and (right) frontside view showing electical connection.
(a) (b)
Figure 2.5: (a) Array of antenna elements (red rectangles) on a substrate attached to
an elliptical lens. Rays emaniating fron the lens illustrate a collimated beam coming
from the center element. (b) Ray tracing diagrams showing elliptical lenses with
feed offsets 0%, 20%, 40%, and 60% of the lens radius (i-l). Yellow rays are totally
reflected. The red line outside the lens is an equiphase surface [38]
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Figure 2.6: Reflection loss versus off-axis displacement at fixed extension lengths for
a silicon and quartz lens [20].
the various detector metrics relevant to this measurements.
Golay Cell Silicon Bolometer
Operation Room temp. 4.2 K
Responsivity (V/W) 1.3× 105 2.4× 105
Response range (THz) 0.15-20 0.15-20
NEP ( nW√
Hz
) 11.8 0.0012
Modulation Frequency (Hz) 5 100
Table 2.1: Table summarizing Golay cell and Si Bolometer metrics.
2.3.1 Spectrometer Principle of Operation
The Fourier tranform spectrometer is based on a Michelson interferometer, whose
basic components include movable and fixed mirrors, a beam splitter, a radiation
source and a detector as shown in figure 2.7
Radiation from the source is incident on the beam splitter where it is divided
ideally into two similar beams. One beam goes to the movable mirror while the other
goes to the fixed mirror. The beams are reflected by the two mirrors back towards
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Figure 2.7: Depiction of a Michelson interferometer
the beam splitter where they recombine to form a beam which is then transmitted
to the detector and the source in two equal proportions. As the translating mirror
moves back and forth, the signal that reaches the detector becomes a function of the
optical path of the mirror. The effect of translating the mirror is to a create a phase
difference between the two beams. As the mirror is translated, an interference pattern
is formed as the two phase shifted beams interfere. The interference pattern is then
detected and recorded and is known as the interferogram. The point in the optical
path where the two mirrors are equal distances from the beam splitter is known as the
zero path difference (ZPD). For a monochromatic source, the interferogram is simply
a sinusoid corresponding to the wavelength while that of a polychromatic (broadband)
is a signal with a maxima at the ZPD. At the ZPD, all the frequencies in the source
interfere constructively and far away from the ZPD, the frequencies interfere both
constructively and destructively for a zero net contribution to the interference pattern.
Once the interferogram is acquired, the Fourier transform is perfomed to change the
signal to the frequency domain using the fast fourier transform. Figure 2.8 shows
the interferogram and subsequent fast fourier transformed signal showing the THz
spectrum.
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Figure 2.8: Interferogram (top) and Spectrum (bottom) from a SiC source measured
with a 27 um Sapphire filter in the Si bolometer
2.3.2 Spectrometer considerations
• Beam splitter
The beam splitter is a fundamental part of the spectrometer as it allows the
interference of the beams to occur. The choice of beam splitter is important
due to the drastically variable efficiency of the beam splitter with frequency. In
this work, 6µm and 25µm mylar thickness were used based on lab availability.
Figure 2.9 shows the efficiency for various mylar beam splitter thicknesses at
45o incidence.
• Resolution and data sampling
The spectrometer resolution(∇F ) is directly related to the the total distance
traveled by the movable mirror known as the optical path difference (OPD) and
is given by:
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Figure 2.9: The beamsplitter efficiency versus frequency in a standard Michelson
spectrometer (θi = 45
o) of 3.5, 6, 12 and 23um Mylar beam splitters as a function of
frequency for s-polarized radiation [29]
∇f = 1
OPD
(2.5)
The sampling period (∇d) is determined by the Nyquist criterion where the
highest frequency component to be measured is required to be sampled at least
four times. The minimum sampling distance is then given by [52]:
∇d ≤ λmin
4
=
1
4νmax
(2.6)
• Data Acquisition The movable mirror was mounted on a linear translation
stage controlled by a T-Cube DC Servo Motor Driver (Thorlabs model number
TDC001). It had a 6mm range of motion and a minimum linear resolution of
0.8um and a minimum repeatability of 0.2um. The driver is PC controlled with
an ActiveX control interfaced to a LabVIEW program. In a typical experiment,
a function generator was used to bias the device at a particular detector-limited
frequency- 5 Hz for the golay cell and 100 Hz for the Si bolometer. The sig-
nal from the detector was connected to a lock-in amplifier referenced to the
source modulation signal. Data was collected in a computer via GPIB interface
allowing control of the data acquisition using a LabVIEW program.
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Figure 2.10: Spectrometer measurement set-up.
The measurements were performed in the spectrometer at a resolution of 150GHz (1mm)
or 75 GHz (2 mm) in a step scan mode, with a high frequency cut-off of 15 THz.
Figure 2.10 shows the spectrometer measurement set-up. The spectrometer contained
either a 6 um or 25 um mylar beamsplitter depending on the THz region of interest.
Direct power measurements were made using a calibrated Golay cell [71]. For both
spectral and power measurements, a Zitex G106 film [7] was used as an effective IR
block and worked as a low pass filter at THz frequencies. The transmission curve is
shown in figure 2.11. Far IR and Terahertz polyethylene polarizers [72] were used in
the direct power measurement to determine the ration of vertical to horizontal linear
polarization of the radiated beam.
2.4 Temperature Estimation
Temperature measurements of the devices differed depending on the type of device;
For Platinum devices, two different measurements were made, a measurement of the
resistance versus bias voltage and another of the resistance versus temperaure. The
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Figure 2.11: Transmission spectrum of Zitex G106 [7].
thermal coefficient of resistance (TCR) was then extracted and used to determine
the thermal resistance (Rth) of the platinum devices. The thermal resistance was
used in estimation of device temperature during radiation experiments. The thermal
measurements were performed on a heated probe station using a Keithley 2600 SMU.
The TCR was extracted by fitting [73] the temperature dependent resistance data to
equation 2.7, where α is the TCR, To is the room temperature and T the variable
temperature. RT=To is the device resistance at room temperature.
R(T ) = RT=To [1 + α(T − To)] [Ω] (2.7)
The thermal resistance (τ) is extracted from the linear fit for the resistance versus
bias power given by
R(P ) = Co + C1 [Ω] (2.8)
where the bias power is P = V I [W ]. τ is then given by,
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τ =
C1
Coα
[
K
W
]
(2.9)
For SWCNT and graphene devices, due to the inevitable contact resistance be-
tween nanotube films and metal contacts (antenna) a direct approximation of tem-
perature using a thermal coefficient of resistance measured directly would not be
reliable. Therefore, we employed an in-situ temperature measurement method using
Raman scattering spectroscopy. The basis of the measurement is the assumption that
electrons and phonons in the graphene and SWCNT films are thermally coupled and
therefore by indirectly measuring the phonon temperature, we could also deduce the
electron temperature. In the measurement the device was biased using a DC current
as it would be in a THz radiation measurement and bias dependent Raman spec-
tra recorded, specifically the G-band Stokes (S) and anti-Stokes(AS) intensities and
wavenumbers. We observed increasing intensities of the S and AS peaks and also a
blue shift of the S peak. From the ratio of the AS/S the temperature can be found
from equation 2.10 [13, 8], where C is an enhancement factor. The room temperature
ambient Raman measurement was performed with a Horiba T64000 spectrometer
equipped with a liquid nitrogen cooled CCD. The spectrum of electrically biased
graphene or SWCNT devices was excited by an argon laser (488 nm) and collected
with a 40X objective lens (NA = 0.6). The optical system is calibrated with the
silicon phonon at 521cm1 and used to determine C.
IAS
IS
= C exp
(−~ω
kT
)
(2.10)
Furthermore, in SWCNT devices, from the shifting of the Stokes peak, the tem-
perature could be found from equation 2.11 [59], where A and B are fitting factors.
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ω(T ) = ωo − A
exp
(
B~ωo
kT
) − 1 [cm−1] (2.11)
2.5 HFSS Simulations
The antenna simulation was performed using ANSYS HFSS software, a 3D full-
wave electromagnetic field solver. For single antenna devices, the antenna and part
of the leads were designed in the simulation to match the actual fabricated device.
The SWCNT films or graphene sheets was modelled as a lumped port with Zo equal
to the measured DC resistance. The location of the lumped port feed matched the
graphene sheet or SWCNT film location in the actual device as determined from
optical microscope inspection. Results for single antenna devices are shown in chapter
4. For array devices, a simulation is shown where the array was simplified by using
an equivalent waveguide model where a unit cell was simulated with PEC and PMC
boundary conditions [74, 26].
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CHAPTER 3
RESULTS SUMMARY
Results from two different types of devices will be reported: single antenna devices
and array devices that had hundreds to thousands of antenna coupled devices. Both
types of devices radiated differently and also varied in the total power measured. One
single antenna graphene device will be presented while both single antenna and array
devices for SWCNTs and mainly arrays for Platinum devices.
3.1 Basic DC properties
3.1.1 Graphene device
The single antenna graphene device was fabricated as described in chapter 2.
Figure 3.1 shows a graphene device before (left) and after (right) metal deposition
and lift-off. The area of the graphene sheet is indicated by the red outline. Optical
inspection and Raman testing revealed the graphene to be a single layer. After the
metal deposition, the graphene under the metal pads was effectively shorted while
the relevant area connected the two rectangular metal patches which formed the
antenna. Larger DC probe pads were connected further away from the antenna area
to enable testing. A back-gate was applied by applying a voltage directly on the silicon
substrate. Figure 3.4 (b) shows the measured resistance of the graphene device with
varying gate voltage. Aside from the resistance changing by a factor greater than two,
the resistance curve has an asymmetry which is in contrast to the expected about the
dirac point in pristine graphene. In our case the asymmetry is attributed to impurities
either on the substrate or introduced on the graphene during the fabrication process.
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Figure 3.1: Graphene single antenna device after e-beam writing but before Gold de-
position (left) and after Gold deposition and liftoff (right). Graphene area is enclosed
by the red outline at left.
The impurities act as dopants to the graphene leading to a more linear conductance
versus gate voltage [12]
3.1.2 Platinum devices
The DC resistance for the platinum film arrays was expected to be ohmic and
was related from the sheet resistance (Rs) which is given by the bulk Platinum con-
ductivity (ρ) divided by the metal thickness (t) as shown in equation 3.1. For the
typical value of 45nm, the sheet resistances based on the bulk resistivity of ∼ 1.06
x 10−7 Ω m is ∼ 2.36 Ω/. Typical device resistance was < 100 Ω. Figure 3.4 (c)
shows I-V curves for three Platinum based array devices with different unit cell sizes.
Rs =
ρ
t
[Ωm] (3.1)
3.1.3 SWCNT devices
After device fabrication the DEP process was targeted to achieve final device
resistances between 10 − 500 Ω with values less than 100 Ω attainable only using
arrays. Devices in this range tended to radiate better in terms of measurable levels
of power. From single antenna devices to arrays, the resistance was directly related
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(a) Single antenna device gap before antenna
deposition. (scale bar 1µm)
(b) Bowtie antenna gap (scale bar 1µm)
Figure 3.2: SEM images of devices after DEP
to the number of tubes present in the gap, with resistance decreasing with increasing
number of tubes. The resistance and therefore number of tubes was controlled by
the duration of the DEP process. Figure 3.2(a) shows a typical single antenna device
after DEP and before antenna deposition and 3.2 (b) shows a sample element in a
bowtie antenna array.
By increasing the number of tubes indirectly through the DEP process single
antenna devices could achieve resistances comparable to the array devices, that is, in
the few hundred Ohms. Figure 3.4 shows typical current-voltage curves for a select
number of edge coupled single antenna and array devices.
SWCNT devices tended to burn very easily in air under a moderate bias and to
improve the performance of SWCNT devices, a passivation step was introduced in
device fabrication as described in the methods chapter. A protective dielectric film
was deposited on the devices after DEP of the tubes, and the layer worked to protect
the SWCNTs from environmental contaminants like water and Oxygen. Under the
passivation layer, the tubes would also be expected to reach higher temperatures
during normal biasing conditions and thereby be expected to to produce more power.
Atomic layer deposition was used to deposit either Al2O3 as it has been shown [79, 40]
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Figure 3.3: Plot showing device burning power versus resistance for Al2O3 passivated
and non-passivated devices (bare).
to improve performance of SWCNT transistors. In our devices, Al2O3 passivated
devices burned at a markedly higher bias power compared to non-passivated ones as
shown in figure 3.3
3.2 Temperature Estimation
3.2.1 Platinum Devices
Two resistance measurements were used to estimate temperature of Platinum
devices. One, measuring resistance versus temperature on a heated probe station
chuck where the sample lied, and the other resistance versus bias voltage at room
temperature. Although annealing and electron migration effects occur in resistively
heated films, it has been previously shown [63] that the relationship between applied
power and temperature rise in the heated film remain unvaried. This allows very
precise temperature estimation only limited by the resistance measurements. The
temperature estimation method is summarized here as follows:
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(a) (b)
(c) (d)
(e) (f)
Figure 3.4: Resistance versus voltage curves for various kinds of devices: (a) Single
antenna, edge fed SWCNT devices. (b) Graphene device. (c) Brewer science SWCNT
array devices shown in figure 3.24. (d) Nanointegris SWCNT array devices. (e)
Platinum series fed array. (f) Al2O3 Passivated Brewer Science SWCNT array devices.
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(1) Measurement of the device resistance versus temperature
(2) Extract the thermal coefficient of resistance (α) by fitting to equation 2.7
(3) Measurement of the device resistance versus bias voltage
(4) Extract the thermal resistance (Rth) by fitting to equation 2.9
For the data shown in figure 4.4, α = 0.00284K−1 and the thermal resistance
Rth = 66.51
[
K
W
]
3.2.2 Graphene and SWCNT devices
Using a Raman spectrometer as described earlier, the temperature of either graphene
or SWCNTs was estimated by assuming that the phonon temperature measured is
equal to the electron temperature. The assumption is that the electronic and phonon
systems are strongly coupled with a universal temperature dependence directly re-
lated to the peak intensities. Figure 3.6 shows measurement data from a sample
SWCNT film in a single antenna device, top showing the Stokes band and bottom
the anit-stokes. Of note is the increasing anti-stokes peak intensity with bias voltage
and the shifting of the G band. Using equation 1.17 C was found to be 0.85 and
the temperature increase of the film at the highest bias of 4.5V to be 100K. The
device started to burn at higher bias power. Similar measurements on an array de-
vice yielded a temperature increase of ∼ 60K. This range of values will be used to
estimate temperature from other similar devices in chapter 5. The graphene device
had a temperature increment of 440K at 27mW
3.3 Terahertz Spectrum Measurements
3.3.1 Single Antenna Devices
In our work, the earliest demonstration of THz emission came from SWCNTs
films coupled to an antenna as shown in figure 3.7. The antenna consisted of two
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(a) (b)
(c) (d)
Figure 3.5: (a) Resistance versus vias power of a Platinum device. (b) Electric model
of device under bias where an SMU is used to source a current (A) and δV is the
measured voltage. (c) Resistance versus temperature of the heated probe station
chuck. (d) Thermal model of device under temperature modulation
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Figure 3.6: Raman data
metallic patches connected by a SWCNT film. As earlier described, DEP was first
performed across a pair of narrow electrical leads followed by a fabrication step to
deposit Palladium patches, which worked as antennas and also provided top contacts
to the SWCNTs. For the type of device shown in figure 3.7, the measured spectrum
was found to be effectively determined by the antenna dimensions, where varying
W and H tuned the spectrum as shown in figure 3.8. A different but comparable
iteration of the single antenna device was the edge coupled device as shown in the
inset figure 3.10.
Due to the fact that plasmon resonances are directly related to SWCNT length,
we sought to modulate the length by changing the gap dimension g. However, no
discernible effects were noticed as evidenced from figure 3.11. The predicted [80]
resonances would be at 6.28 THz, 3.14 THz and 1.05 THz for the 500 nm, 1 um and
3 um gap sizes respectively. The lack of such resonances in measurement indicate that
the antenna response dominated the spectrum. For the single antenna devices, the
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Figure 3.7: SWCNT device (left), and zoom in of region enclosed by white box (right).
Scale, W=30um, g=1um.
Figure 3.8: Measured Spectra from SWCNT device with H variation.
Figure 3.9: Measured Spectra from SWCNT device with W variation.
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Figure 3.10: Measured THz spectrum from edge coupled SWCNT device in the inset.
Figure 3.11: Measured THz spectrum from SWCNT devices with varying gap lengths.
evidence points to the feasibility of using SWCNTs to feed an antenna and further,
that the measured spectrum from the single antenna devices will be dominated by
the antenna response. The main consideration in determining the radiated power and
spectrum is therefore the antenna return loss which is determined by the antenna
input impedance and the SWCNT film (source) impedance. Maximum power is
transferred when the two impedances are matched, with loss occurring otherwise.
The absence of plasmon resonances in the measurement is also understood from this
perspective of an antenna dominated response.
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For graphene single antenna devices, the measured spectrum also coincided with
the antenna response. Figure 3.12 shows the measured spectrum from a single an-
tenna graphene device with varying gate voltage. Since carrier density in graphene
can be modulated using a gate voltage, further control of the spectrum and power
could be achieved in conjunction with the antenna response. The determining factor
for the measured radiated power was the impedance mismatch as shown in equa-
tion 3.2. Figure 3.13 shows the measured DC resistance as a function of applied gate
voltage, which when used together with the antenna impedance shown in figure 3.15
in equation 3.2 predicts decreasing power as the resistance of the device increases due
to an increasing mismatch factor. However, the measured power shown in figure 3.14
shows a definite peak around 25 V gate voltage. This unusual THz response would
imply an enhanced conductivity of the graphene, corresponding to the least resistance
and mismatch factor, appearing only at THz but not at DC. The gate voltage tuning
of the THz response is also consistent with plasmon tuning via the carrier density as
described in chapter 2.
Pmeasured = Pideal
(
1−
[
Zantenna − Zdevice
Zantenna + Zdevice
]2)
(3.2)
In Platinum thin film devices shown in figure 3.16, the measured radiation could
not produce a repeatable or reliable spectrum in the THz range. That is, even though
an interferogram (time domain) was recorded, the frequency domain spectrum was
basically just noise. This was attributed to non-localized heating that would have
occurred in such devices and would therefore negate any antenna coupling, since it
requires feeding at a well defined point. Without any antenna coupling, the emitted
radiation would be in much higher frequencies (mid-IR to NIR - outside sensitivity
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Figure 3.12: Measured THz spectrum of graphene device versus gate voltage.
Figure 3.13: Resistance versus gate voltage curve of graphene device.
Figure 3.14: Measured THz power versus gate voltage from a single antenna graphene
device.
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Figure 3.15: Simulated antenna impedance of graphene device.
Figure 3.16: End-coupled Platinum thin film device.
of spectrometer) and would simply follow Planck’s blackbody radiation spectrum of
figure 1.9.
3.3.2 Arrays
To increase the measured power from the single antenna sources, arrays of devices
were used specifically for Platinum and SWCNTs. The concept of increasing power
using arrays is illustrated simply in figure 3.17 where a series of antennas radiate
and combine power spatially to form one beam. This method is advantageous since
the spatial power combining does not require complex feed networks and lower losses
lower Ohmic losses as the combining occurs in air. For Platinum based devices, series
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Figure 3.17: Illustration of spatial power combining in an antenna array.
(3.20) and parallel (3.21) connected array networks were fabricated. Although not
designed this way, the parallel fed arrays could be used to generate both horizontal
and vertical polarizations.
An issue that occurred in the parallel fed arrays was that of non-localized heating,
with the bias leads also contributing to the measured radiation. One indication of
this are the burnt leads shown in figure 3.18. Since the bias leads carry much higher
current densities they are expected to get hotter which would cause them to radiate
more strongly than the antenna coupled source elements. The measured radiation
would therefore be dominated by radiation from the lead radiation and determined
purely from the Planck radiation law. Figure 3.19 shows a wide spectrum measured
from a platinum parallel fed array which supports this view. The drop off after
15 THz is due to the 6 µm beam splitter which has minimum in transmission there
about (see figure 2.9).
A clear indicator of localized heating is shown in figure 3.20 (right) which is an
SEM of a representative bowtie unit cell in the bowtie array shown on the left. The
bright region in the gap of the bowtie corresponds to the narrowest part of film and
the region that gets to the highest local temperature. The elevated temperatures
cause an annealing effect where local crystallization of the platinum film occurs and
which in turn results in the brighter regions under an electron beam.
Spectra measurements from series fed Platinum arrays like in figure 3.21 (left)
show that the peak of the emitted spectrum was determined by the size of the unit
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Figure 3.18: (a) SEM of parallel fed Platinum array (b) Optical picture parallel fed
Platinum array after burning. (Scale bars 30 um).
Figure 3.19: Broad THz spectrum measured from a parallel fed Pt array.
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Figure 3.20: (left) SEM of series fed Platinum array (right) SEM of a constituent
bowtie unit cell. Scale bars 10µm (left) and 1µm (right).
Figure 3.21: Measured THz spectrum of series fed Platinum arrays with varying unit
cell dimensions.
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cell, as shown in figure 3.21. The difference between the spectra is due to the resonant
behavior of the bowtie unit cell, whose length corresponds to one dielectric wavelength
(λe) giving a resonant frequency of c/λe. That is, ∼ 2.2 THz , ∼ 3.4 THz and
∼ 6.8 THz for the 38 um, 25 um and 12.5 um cells respectively.
Unlike the SWCNTs, Platinum based arrays are not expected to show any plas-
monic effects at THz. Temperature dependent spectra are therefore used to elucidate
the extent of antenna-coupling, with temperature modulation being achieved through
the bias power. In the measurement, bias-dependent spectra were taken consecutively
starting with the highest bias to allow for annealing effects within the metallic film.
The spectra were then normalized using the lowest bias as the reference to delineate
the temperature dependence. Since the spectra were taken consecutively under the
same conditions other than bias power, normalizing using lowest bias spectrum re-
moved all other factors like antenna and spectrometer response and the resulting data
showed the bias (temperature) dependency. Spectra were taken with and without a
Zitex filter as shown in figure 3.22 (a) and (c) respectively. The intensity scale is
logarithmic for clarity. Figure 3.22 (b) and (d) show the normalized spectra curves
and show how they vary with temperature.
Simple linear fits to the curves indicate an adherence to the theory in chapter 1;
the curves without Zitex show an increasing intensity, coinciding with a general 3D
Planck distribution. This agrees with the fact that the Zitex cuts off more than 6
times of the measured power. The Zitex curves from 3.22 (d) however show a near
flat response that slightly decreases with frequency as in the 1D Planck distribution
indicating that the antenna coupling is dominant in this case. As far as we are
aware, this is the first measurement that verifies the 1-D Planck (Johnson-Nyquist)
expression for such a wide frequency range up to 9 THz.
Figure 3.23 shows measured THz spectra from the SWCNT array devices shown
in figure 3.24. The spectra which have been offset for clarity show almost invariably
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Figure 3.22: Bias (temperature) dependent spectra for a 12.5 µm unit cell Pt array, A
and C represent spectra with and without Zitex respectively. B and D are normalized
curves for each set.
Figure 3.23: Measured THz spectrum of the SWCNT arrays shown in figure 3.24
(lettering is consistent).
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Figure 3.24: SEM image of an array of SWCNT based dipole antennas, (B,C,E)
optical image of dipole SWCNT array (d) optical image of an array of SWCNT based
bowtie antennas, (dzoom) SEM image of region enclosed by red box in (d). Array
area in A,B,C,D and E approx. 120 µm2 and gap in DZoom = 2 µm.
a peak around 1.5 THz, despite the variety in the type of array. Spectra from the
smallest unit cell (12.5 µm) in figure 3.21 is in sharp contrast to the figure 3.23 spec-
tra despite having comparable dimensions. We attribute the low frequency peak in
SWCNT arrays to be dominated by length plasmon resonances that work to enhance
Terahertz emission.
To further elaborate on the extent of the antenna effect on the spectrum, a bowtie
antenna array was used with three different unit cell sizes and a narrow gap of 750 nm
which was considerably smaller than arrays in figure 3.24. Figure 3.25 (left) shows
such an array, and (right) a unit cell of the array highlighted by the black square.
Three different values for L were used, 41, 21, 11 µm, while keeping the angle a at
45o. The total area for all three types of arrays was ∼ 500µm2 and consequently the
arrays had different total number of elements with L = 41 µm, 21 µm and 11 µm
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(a) (b)
Figure 3.25: (a) Optical image of a 41 µm unit cell array and (b) SEM showing
zoomed in region in array. L = 41 µm
having 132, 700 and 2668 total number of elements respectively. Figure 3.26 shows
the measured spectrum from three typical bowtie arrays.
To tune the length dependent plasmon resonances, ultrasonication of SWCNTs
solutions was performed prior to DEP. Ultrasonication is a well known method of
shortening tubes [27] and does so by breaking them into smaller lengths via the
cavitation process. After ultrasonication, SWCNT solutions were centrifuged for two
hours at 5900 rpm and thereafter DEP was performed. A clear blue-shifting of the
radiated spectrum was observed as shown in figure 3.27. Figure 3.27 (a) and (c)
shows spectra from devices made from the Nanointegris solution while those in (b)
were made from the Brewer Science solution. The blueshifting was similar to that
observed in absorption spectra of SWCNT films by Akima et al [50] who also employed
ultrasonication to change the length of the tubes (see Figure 1.16).
The last type of array studied was a bowtie array with 11 um unit cell length,
where the SWCNTs were suspended over a 1 µm trench. Figure 3.28 shows a side view
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Figure 3.26: Measured THz spectrum from SWCNT bowtie antenna with
41 µm (B4 − 13), 21 µm (B3 − 12), and 11 µm (B1 − 13) µm unit cell sizes as
shown in figure 3.25.
SEM of the array before DEP and a close-up in the inset showing suspended SWCNTs
after DEP. By suspending the nanotubes, we expected to reduce the power dissipation
by reducing the thermal coupling of the SWCNTs to the supporting substrate and
furthermore restrict the length of the tubes by having a suspended gap where only
the nanotubes with the minimum gap length would bridge the metal contacts to
form electrical connection. This in effect would serve as a means to modulate the
plasmon frequency. Figure 3.29 shows the measured spectrum from two suspended
devices similar to that in figure 3.28. Device C4-BOX12 had 3600 elements while C4-
BOX13 had 361 elements. Compared to the previous SWCNT array data, spectra
from the 3600 element array was very broad, but both devices showed a similar
peak 3-5 THz which we attribute to plasmon resonances. The much broader peak
around 8 THz which is attributed to the antenna resonance similar to that from Pt
devices in figure 3.21 with an 11 um unit cell size. Since the suspended SWCNTs
were decoupled from the Si substrate, we hypothesize that the antenna elements were
more strongly heated in this type of array since they received all the dissipated heat
by the SWCNTs.
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(a) Bowtie array devices with 41 um unit cell made
from Nanointegris solution: C5 was made from an un-
sonicated solution while B4 was made from a solution
ultrasonicated for 3 hrs using a probe tip sonicator.
(b) Bowtie array devices with 21 um unit cell made
from Brewer science solution: B4 was made from a
solution ultrasonicated in a bath sonicator for 5 hours
while B5 was made from a solution ultrasonicated for
3 hrs using a probe tip sonicator.
(c) Bowtie array devices with 21 um unit cell made
from Nanointegris solution: B3 was made from a so-
lution ultrasonicated in a bath sonicator for 5 hours
while B2 was made from a solution ultrasonicated for
3 hrs using a probe tip sonicator.
Figure 3.27: Measured spectra from bowtie array devices with different solutions. Red
spectra are from devices sonicated with the probe tip and all indicate a blue-shifting
compared to the blue curves which correspond to devices from weakly ultrasonicated
SWCNT solutions (NB: Probe tip sonicators provide upto 3 orders of magnitude more
ultrasonication power than bath sonicators).
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Figure 3.28: SEM image of an array with trenches for SWCNT suspension(scale bar
10 µm). (Inset) Zoomed in section of the array showing suspended SWCNTs after
DEP (bowtie gaps are ∼ 750nm).
Figure 3.29: Measured spectrum from two suspended arrays similar to that shown in
figure 3.28 after DEP. Number of elments are 3600 for device C4-BOX12 and 361 for
C4-BOX13.
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3.4 Direct Power Measurements
A direct power measurement of the arrays using a Golay cell was done in conjuction
with the Zitex filter. Table 3.1 shows the measured total output power for bowtie
SWCNT arrays with 41, 21 and 11 um, single antenna edge-fed SWCNT devices,
single antenna graphene devices and Platinum series fed, 12 um unit cell arrays.
Detals about passivation, number of elements, sonication of SWCNT solutions and
device resistance are presented. From the table, the direct power is measured with
and without a Zitex low pass filter where a 5-7 times ratio between the total measured
powers with and without Zitex is observed. The Zitex serves as an effective IR block
(see appendix B figure A.1 (b)). However, since the antennas are optimized for THz
region, this large power reduction with Zitex is attributed to blackbody radiation due
to non localized heating of the devices. That is, the joule heating is not solely limited
to the gap region and therefore the antenna coupled radiation which necessitates a
well defined feed at the gap, is superimposed with a background thermal radiation
due to the heated regions in and around the antenna. Additionally, the SWCNT
and Pt devices can radiate blackbody radiation without coupling to the antenna at
frequencies above those for which the antenna arrays are effective.
Polarization of the radiated beam was measured directly using a polarizer in con-
juction with the Golay cell. Orthogonal polarizations (V)-vertical and (H)- horizontal
signified the orientation of the polarizer. The direction of the current flow in the an-
tenna elements determined the polarization with the bowtie antenna elements showing
vertical polarization while the single antenna slot antennas showed a horizontal po-
larization. The results in the table indicate the polarization ration (V/H) with a ratio
greater than one indicating a vertical polarization and vice versa. Of note is that the
polarization ratio was highest when the measurement was done using a zitex filter.
As previously discussed, the low pass filter emphasizes measurement of antenna opti-
mized THz region. THz power dependency versus bias power was also measured for
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arrays. Figure 3.30 shows the typical linear power dependency seen in all the direct
power measurements and is consistent with the output power being proportional to
the device temperature. The measurements are from arrays of 21 um unit cell size
with the number of elements varied from 700 (B3-12), 361 (D1-13) and 9 (D2-13).
The main losses that reduce the total power measured are listed below :
• Impedance mismatch (up to 90% for array devices per element and 20-40% for
single antenna devices)
• Power to the air side (15%)
• Lens losses (30%)
• Zitex + Atmospheric absorption (10-20%)
• Antenna efficiency
In the chapter 4, we will describe radiation mechanisms and compare measured to
predicted total radiated power for the various array types and single antenna devices.
3.5 Radiation Patterns
Radiation patterns were measured using the quasioptical system described in chap-
ter 2. Beam patterns from three different types of arrays are presented in this section,
from device D, E and C4. Beam patterns were measured for both the azimuth and
elevation axes and at two different distances. Figures 3.31and 3.32 show radiation pat-
terns from device D, figures 3.33 and 3.34 are from device E and figures 3.35 and 3.36
are from device C4. The far field distance f is given by equation 3.3. The far field
distances for the 3 devices are ∼ 16 cm for both D and E and ∼ 42 cm and ∼ 84 cm
for C4 with and without Zitex respectively. The 3dB beamwidth of the beams which
are ∼ 10o for D and E at 30 cm and ∼ 40o for C4 at 20 cm are consistent with the
size of the arrays and the increasing off-axis displacement of the elements as the array
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(a) 700 element array (D4-12).
(b) 361 element array (D1-13).
(c) 9 element array (D2-13).
Figure 3.30: Measured THz power versus bias power for three 21 µm unit cell bowtie
arrays with varying number of elements
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Table 3.1: Table of measured direct THz power for select Pt and SWCNT arrays
1
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gets bigger. In the 20 cm measurement of C4 shown in figure 3.36 a relatively flat
power dependency is seen around the maxima and indicates a relatively flat wavefront
and in terms of power combining hints at the possibility that a majority of elements
are radiating a coherent beam. However, other evidence to be discussed in Chapter
4 indicates that the array does not radiate coherently over its entire area. These
measurements were taken at a distance slightly less than the far field distance due to
the limited sensitivity of the only detector (the Golay cell) available at the time.
f =
D2
λ
[m] (3.3)
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Figure 3.31: Radiation patterns from device D with azimuth angular variation.
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Figure 3.32: Radiation patterns from device D with elevation angular variation.
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Figure 3.33: Radiation patterns from device E with azimuth angular variation.
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Figure 3.34: Radiation patterns from device E with elevation angular variation.
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Figure 3.35: Radiation patterns from device C4-12 with azimuth (blue) and elevation
(red) angular variation at a 5 cm distance between the source and detector.
Figure 3.36: Radiation patterns from device C4-12 with azimuth (blue) and elevation
(red) angular variation at a 20 cm distance between the source and detector.
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CHAPTER 4
RADIATION MECHANISMS FOR ELECTRICALLY
DRIVEN SOURCES
4.1 Single Antenna Coupling
Graphene and SWCNT single antenna devices as shown in figure 3.1 and fig-
ures 3.8, 3.9 and 3.10 respectively were connected to two metal patches separated by
a narrow subwavelength gap. The metal patches in conjuction with each other, and
by virtue of the narrow gap form an open ended slot antenna [5].
Comparing the simulations with the measurements, it is clear that the radiated
spectrum was determined by the antenna response. Figures 4.1 (a) and 4.2 (b) show
the comparison between the measured and simulated antenna response. Plots of the
magnitude of surface current density indicate that the antenna operates in a slot
mode with open circuit terminations at the ends and the graphene sheet/SWCNT
films acting as the THz generators. The current density plots are at 2.125 THz and
1.3 THz. The current is concentrated in the gap of the antenna and once generated,
it propagates along the slot-line and gets reflected by the open circuit [78]. For the
center-fed device, both ends are open while only one is effectively open for the edge
fed configuration. The effect of the reflections is creation of the radiation mode of the
antenna by the standing wave that is created. The location and length of the radiation
source determines the bandwidth of the antenna, with the center-fed configuration
having the widest. The dimensions of the metal patches tune the antenna response
by changing the wavelength of the standing wave. Figures 3.9 and 3.10 basically show
the effect of such tuning, with the various W and H dimensions.
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(a)
(b)
Figure 4.1: Comparison between measurement and simulated response of the
graphene device. Simulated antenna impedance is ∼ 40Ω at the peak at which also
the current density is plotted- 2.125THz
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(a)
(b)
Figure 4.2: Comparison between measurement and simulated response of an edge-
coupled SWCNT device. Simulated antenna impedance is ∼ 100Ω at the peak at
which also current density is plotted- 1.3THz
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4.2 Radiation from Antenna Arrays
The premise of localized heating is essential to antenna coupling and in fact is
central in determining the radiated spectrum. Figure 3.19 shows the result of a joule
heating simulation using COMSOL for a series fed array (a) similar to that shown in
figure 3.20 and a parallel fed array similar to figure 3.18. The heating power is 0.3 W
and 0.4 W respectively. As alluded to in the optical image shown in figure 3.18 (b), the
bias leads get much hotter and therefore contribute the most to the measured radiated
spectrum and power. Figure 4.3 (a) shows well localized hot spots in the bowtie gaps
compared to (b) and supports the premise that spectra from such devices would follow
the antenna response. The evidence of this is most clearly seen in figure 3.21.
4.2.1 Incoherent Antenna Array
We propose that in our case, the entire antenna array radiates incoherently but
the individual elements in the array radiate coherently within each area corresponding
to a single mode. Whereas the different modes radiate incoherently with respect to
each other. This model agrees with the characteristics of an ideal flat black body
radiator as presented in Section 1.3, in particular, the effective radiating area is given
by equation 1.10. HFSS simulations showing the behavior of coherent sources is
described in the next section.
For the antenna arrays studied, they are described as incoherent radiators that add
power up spatially, and we first investigate whether the total power is proportional
to the number of elements n. Figure 4.4 shows the measured radiated power per bias
power (nW/W) versus number of elements n for SWCNT arrays and clearly shows
a linear dependence on n. Platinum arrays were all made with 100 elements for the
series-fed array. The data in figure 4.4 has been corrected for losses including antenna
mismatch and system losses, that is, it represents the available power. For the antenna
mismatch losses, the resistance per element was estimated as shown described in the
76
(a)
(b)
Figure 4.3: Thermal simulation result for (a) a series fed array showing localized
heating in the source region localized at the gap (b) parallel fed array showing non-
localized heating away from the antenna and more towards the leads
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Figure 4.4: Plot of measured radiated power efficiency versus number of elements for
n=9, 361, 700 and 2668. The measured data was normalized to account for loss. Red
curve shows power measured with Zitex film and blue curve shows without.
appendix. For a given total device resistance, simulations were performed in ADS to
estimate the resistance per element and was assumed to be uniform across the entire
array.
By increasing the number of elements in the SWCNT arrays, the total power was
expected to increase proportionally with n. Details for how the data in Figure 4.4 were
derived are given in Table. 4.3. For the data with the Zitex filter the available power
increases some but not nearly as fast as proportional to n, and in particular does
not go through the origin. This invalidates the hypothesis that the available radiated
power is proportional to n. The power for the case without Zitex is closer to varying
proportional to n. We introduce a different hypothesis below that instead assumes
that the total radiated power in the THz regime (i.e. with Zitex) is proportional to the
number of modes. The ’raw’ measured radiated power efficiency without corrections
is also plotted versus n in Figure 4.5. which shows that this quantity is essentially
independent of n. This was due to the fact that as the number of elements increased
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Figure 4.5: Plot of measured radiated power efficiency versus number of elements for
n=9, 361, 700 and 2668. Red curve shows power measured with Zitex film and blue
curve shows without.
in the array, the resistance per element also increased and therefore also the mismatch
loss. The resistance per element increased since the DEP was targeted to achieve the
same total device resistance for all arrays. Therefore, small arrays would have had
a higher resistance per element and vice versa. This effect is illustrated in figure 4.6
which shows SEM images of individual bowtie elements that are part of different
arrays with varying number of elements. It is clearly seen that as the number of
elements increases, the number of SWCNTs across the gap decreases, which means
the resistance per element such as is shown in the SEM would be higher compared to
others with more SWCNTs.
4.2.2 Partly Coherent Antenna Array
A different hypothesis to discuss would be that the entire (or a large part of) array
radiates coherently. One of the hallmarks of coherent radiation is the sinusoidal inter-
ference pattern that occurs when two coherent beams of the same frequency interfere.
We sought to test coherence in SWCNT arrays by setting up resonances for the radi-
ation from the front side (air side) by using a metal mirror in the setup as shown in
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Figure 4.6: SEM images showing various gaps of individual bowties in array devices
where from left to right, n = 2668, 700, 132 elements. Scale bars 1µm.
Figure 4.7: Illustration showing method of coherence testing by interfering the radi-
ation from the device towards the air side with its reflection from a metal mirror.
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figure 4.7. The measured signal from the lens side as the mirror was translated away
from the device decreased monotonically without any visible interference pattern, the
absence of which allowed us to conclude that the beams were incoherent. The signal
decreases as the mirror was moved away from the device and was interpreted simply
as a lower signal reflected back to the detector. However, no interference fringes could
be detected. We therefore conclude that the entire array does not radiate coherently.
Unlike our incoherent array devices the behavior of coherent antenna elements in
an array differs and can be modelled using a waveguide model [74, 26] in HFSS. The
model takes advantage of the symmetry within the array and basically solves for the
array response by solving for a unit cell with the appropriate boundary conditions.
It begins with the assumption that the same current flows in the individual bowties
such that for a particular bowtie antenna, there exists a similar current flowing in
the adjacent top and bottom bowties and similarly in the left and right bowties.
Therefore, following image theory [5, 34], perfect electric conductors (pec) are placed
at the top and bottom of the bowtie while perfect magnetic walls (pmc) are placed at
the sides. The pec and pmc boundary conditions allow for the propagation of TEM
modes which represent plane waves propagating from the array [26]. Figure 4.8 (a)
shows how the boundary conditions are designated in a bowtie array, while (b) shows
the HFSS waveguide model. Figure 4.9 shows the main result of the waveguide model
simulation and it is indicative of a coherent array perfomance, where the antenna
array radiates with a constant efficiency until the cutoff frequency which corresponds
to λ=unit cell length. This criterion can be seen to be the same as for the peak
measured in the Pt array spectra. Note however the steep frequency cut-off for the
coherent model in Figure 4.9, compared with the gradual roll-off in the experimental
spectra, yielding another indication that the Pt arrays do not radiate coherently over
the entire beam.
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(a)
(b)
Figure 4.8: (a) Picture showing some representative magnetic and electric walls in a
bowtie array (b) HFSS model used in simulation
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(a)
Figure 4.9: Plot of a simulation result for three unit cell dimensions in a series array
showing the variation in the radiated power.
4.2.3 Radiated power proportional to the number of modes.
For the measured Pt spectra shown in figure 3.21, the frequency for which the
unit cell length is approximately equal to the wavelength (λ) represents where the
high frequency cut-off for the arrays initiates a fall-of of the radiated power. This is
because the mode area given by equation 1.10 decreases with increasing frequency.
For frequencies in which an individual bowtie is contained within the mode area, the
bowtie is able to radiate efficiently into a single mode but at higher frequencies where
the bowtie size is larger than the mode area the efficiency drops off as seen in the
measured spectra. In the lower frequency range for which there are multiple bowties
per mode area, the array radiated power is is proportional to the number of modes
within the total area of the array and varies as ν2. This agrees with the measured
spectra but it should be noted that the low beam splitter efficiency contributes to
a decrease of the spectra intensity in the low frequencies as shown in figure 2.9.
The SWCNT spectra have a combined antenna and plasmon resonance response as
described in the next section, a feature specifically evident at the highest frequencies.
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(a) (b)
Figure 4.10: SEM pictures of (a) Device B4 (SEM was taken after device burned and
break in the tubes is seen near the top bowtie) (b) Device B5. Gap size is ∼ 750nm.
4.3 Evidence of Plasmon Resonances
In the literature, the two main defining measurable quantities for length dependent
plasmon resonances in SWCNTS is the terahertz conductivity peak and polarization
dependent absorption. The terahertz conductivity peak has convincingly been shown
to be tuned with varying average SWCNT length in films, this length dependency be-
ing the hallmark for plasmons in 1D conductors. In this work, the strongest evidence
of the plasmon resonance effect is shown in figure 3.27. The blue-shifting of the spec-
trum is consistent with length dependent plasmon resonances in shorter SWCNTs
as a result of the ultra-sonication process which breaks down the tubes to shorter
lengths. SEM pictures shown in figure 4.10 allude to the effect of the sonication:
Device B4, which was DEP’d with a solution mildy sonicated in a bath sonicator and
device B5 DEP’d with a solution strongly sonicated using a probe tip sonicator. The
tubes in B4 clearly traverse the gap with minimal bundling up while tubes in B5 are
visibly shorter with extensive bundling.
From numerous studies of THz absorption in SWCNT films, the most apparent
sign of plasmon enhancement is the terahertz conductivity peak that blue shifts with
decreasing SWCNT length (see figure 1.16). The SWCNT arrays with a smaller bow-
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tie gap consistently show spectral peaks in the range 1.5− 4 THz, depending on unit
cell size and can be explained as a wide spread of plasmon frequencies consistent with
the length distribution of the SWCNTs, and the different antennas arrays emphasize
different part of this distribution depending on the antenna efficiency and resonance,
but never radiating at frequencies above 4 THz as the Pt arrays do (specifically in
the smallest 11µm unit cell). For a given SWCNT length, the plasmon resonance
frequency can be found as [80],
wo = νq
pi
l
(4.1)
where νq is the plasmon velocity. Various authors have proposed different values
for νq including 3.29 [62], 3.74 [80] and 6 [24] ×108cm/s . For bundles of SWCNTs,
νq is predicted [53] and has been measured [66] to scale as
√
N where N is the number
of tubes in the bundle. Taking νq = 3.74 × 108cm/s, and using a peak frequencies
between 1.5 − 4 THz, the average SWCNT lengths are calculated to be between
0.47− 1.2µm. This range agrees very well with the prescribed SWCNT length range
and observations from SEM inspection.
To add to the terahertz peak in the spectra, polarization data show that SWCNT
devices have a consistently higher degree of polarization. Finally, a comparison of
power from the devices shows that the SWCNT devices have a propensity to radiate
more power in the THz range as evidenced by the zitex absorption factor (P/Pzitex).
Polarization and zitex absorption factor data are shown in table 4.1.
The terahertz spectrum from the SWCNT devices is however a convolution of
the antenna response and the plasmon response. For the single antenna devices, the
measured spectrum is dominated by the antenna while the array devices show the
plasmon response depending on the unit cell size. Figure 4.11 shows an illustration
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Table 4.1: Summary of measured direct power, polarization and zitex factor
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Figure 4.11: Illustration showing overlap between antenna response and plasmon
response.
of antenna and the predicted plasmon response overlap: The spectra are from the
platinum arrays of figure 3.21 and are used for the illustration since they show the
antenna response (no plasmons in platinum) and the plasmon response is predicted
based on SWCNT length ranges. The measured terahertz spectrum is set by the
convolution of the antenna response and plasmon response. In the narrow band single
antenna devices or large unit cell arrays, the plasmon resonance completely overlaps
with the antenna response and therefore, the measured spectrum is determined by
the antenna, which selects only a portion of total plasmonic response. For the wide
band, small unit cell array, the plasmon roll off at high frequencies determines the
measured spectrum.
4.4 Comparison with Nyquist Power
The total measured power is predicted by the Planck’s equations in one and three
dimensions. For the 1D case equation 1.14 is used, and once a temperature is esti-
mated, the power is found by taking an effective half power bandwidth, estimated
from the measured spectrum. In the measured devices, the 1D power is only reliably
measured while using the Zitex due to the inevitable background radiation arising
from non-localized heating and whose spectrum extends beyond the range of the
spectrometer making the bandwidth difficult to estimate. The Zitex bandwidth is
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therefore used in power estimation and for frequencies of interest, the power is simply
calculated as (P = kTB ×mismatch loss). To estimate the power from the whole
array, the total number of radiating modes is accounted for by using equation 1.10
which expresses the number of modes per unit area for a given wavelength. Table 4.2
shows a summary of measured and predicted power from a select number of devices.
In the 3D case, Planck’s equation 1.9 can be used with the Zitex half power
bandwidth in estimation for the same reason. The difference in the 3D case is that
we consider the total area being Joule heated. This area is estimated using simulations
in COMSOL as shown in figure 4.3. The total power radiated over all frequencies is
estimated by the Stefan-Boltzmann law as shown in equation 4.2 and serves to place
an upper limit on the total power we can measure.
P = αA
(
T 4hot − T 4cold
)
[W ] (4.2)
Where:
• : is the emissivity (0.05 for Pt)
• α: is 5.6× 10−8 [ W
m2K4
]
• A: is the area
• Thot,cold: are temperatures
Table 4.2 shows the measured total power and the power predicted by the Nyquist
and Stefan-Boltzmann formulas for SWCNT and Platinum arrays, and SWCNT and
Graphene single antenna devices. The impedance mismatch loss was calculated by
using the measured DC resistance for single antenna devices and was estimated for
arrays using ADS (see appendix). The antenna impedance was simulated using HFSS
as described in Sec. 4.2.2. While we argued there that the HFSS simulation is invalid
because our arrays radiate incoherently, the impedance value is believed to be in the
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Table 4.2: Table showing measured and predicted powers from the Nyquist and
Stefan-Boltzmann formulas for a select number of devices.
Table 4.3: Table summarizing power efficiency data for a 2668, 700, 361 and 9 element
bowtie array and 100 element series fed platinum arrays
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correct range for all similar arrays. A small error in the impedance causes a negligible
change in the mismatch loss.
All devices are compared to the Nyquist prediction expect for the 90 element, par-
allel fed Platinum arrays which are compared with the Stefan-Boltzmann prediction
due to the non-localized heating. For the single antenna devices, the measured power
is expected to predominantly be described by (kBT ×mismatch loss) due to the nar-
row well defined spectra, which allows a straightforward estimation of bandwidth. For
both graphene and SWCNT devices the measured power compared to that predicted
by the Nyquist formula implies a significant enhancement not captured by the Planck
law and can be ascribed to plasmon enhancements related to the graphene carrier
density and to the length in SWCNTs. In the platinum arrays, the total measured
power fell within that predicted by the Nyquist formula, providing support for the
hypothesis which assumes that the total radiated power is proportional to the num-
ber of radiating modes. The 12µm unit cell platinum array appears to deviate from
this and will require further study. The total power versus the number of elements
is plotted in figure 4.4 for 700, 361 and 9 elements of the 21µm unit cell and a 2668
element 11µm bowtie array. As discussed earlier, the measured powers are relatively
invariant with the number of elements due to the corresponding mismatch loss in-
creases with increasing number of elements. Table 4.3 shows a summary of the power
measured versus number of elements and also shows the available power by account-
ing for losses. The mismatch factor which is calculated from equation 3.2 with the
estimated resistance per element shown in the table in addition to the system losses
listed in chapter 2. Comparing the SWCNT devices with the Platinum devices, it is
clear that there is more available power for SWCNT devices which are also seen to be
more efficient than the Platinum devices. It is noteworthy that available powers as
high as 5µW are estimated. Such output powers could be realized with array designs
that minimize the mismatch loss.
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4.5 Conclusions
We have successfully measured thermal radiation from graphene, SWCNT and
platinum devices. For graphene, data has been presented for a single antenna de-
vice while in SWCNTs both single antenna and array devices are presented. Data
from platinum were from antenna arrays. The main result is that we have demon-
strated tailoring of the blackbody radiation towards the THz regime with enhanced
attributes of polarization and directivity. Compared to blackbody radiation which is
isotropic and having a peak frequency that depends only on temperature and other-
wise featureless, our measured radiated spectra a high degree of dependence on the
electromagnetic antenna coupling.
In graphene and SWCNT devices we have invoked the plasmonic effect to explain
measurements of the direct power for graphene devices and spectra for SWCNT de-
vices. Graphene devices showed a power dependence that tuned with applied gate
voltage. The effect of the gate is to tune the carrier density which in turn would tune
the plasmon resonance. In SWCNT devices, a length dependence of the measured
spectrum was inferred by using SWCNTs sonicated differently. The result was that
the strongly sonicated solutions corresponded to spectra with higher frequency spec-
tral content compared to the weakly sonicated solutions, the effect of the sonication
being to break the SWCNTS and thereby shortening them. The measured blue shift-
ing of the spectra was attributed to shorter tubes and this length dependence is the
hallmark of 1D plasmon resonances.
We have also improved the total power from electrically driven single antennas
by using arrays of planar bowtie antennas, although the improvement in power is
limited by the impedance match between the antenna and devices. In SWCNT the
device resistance can be controlled through the DEP process and could be tuned to
achieve a desirable value. In terms of the total power, the SWCNT devices yielded a
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higher measured power than that predicted by the Nyquist formula compared to the
Platinum devices which fell within the Nyquist prediction.
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CHAPTER 5
FUTURE WORK
Suggestions for future work:
• Graphene based arrays
Graphene offers a unique opportunity of creating an electrically driven tunable
terahertz source. Absorption measurements [36] have shown a great deal of
tunability solely based on the carrier density and modulation and the same
can be applied to the emission case where the plasmon resonance can be tuned
using the impedance. The graphene would then be electromagnetically coupled
to high Q antennas that are tunable over a wide band to create broadband
tunable terahertz sources.
• Optimized Feed Networks
Due to the importance of the temperature distribution and the need for localized
heating within the antenna gap, optimal feed networks that deliver as much bias
power as possible without incurring self heating would need to be designed.
One way would be to use feed networks connected through vias where bias lines
only connect to the areas that would need to be heated. For SWCNT arrays,
the feed network plays a big role in how the DEP process happens and an
optimized feeding would allow for a lower resistance per element and therefore
lower mismatch loss and more radiated power.
• Narrowband Sources Other than the planar devices described here, a narrow
band source could be developed by incorporating a small single mode array in
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a micro cavity as demonstrated for IR sources (Figures 1.4 and 1.5). Reso-
nant microcavities would enable a dramatic narrowing of the emitted spectrum
due to their intrinsic high quality factor and possible enhancement in emission
intensity.
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APPENDIX A
FILTER RESPONSE
Transmission curves for the two low pass filters used in this work.
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(a)
(b)
Figure A.1: (a) Filter response for 1mm Sapphire with Diamond and ZnO layers [3]
(b) Measured transmission of Zitex G106 film
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APPENDIX B
RESISTANCE PER ELEMENT ESTIMATION
The resistance per element for SWCNT arrays was estimated by simulating the
whole array in ADS as a resistor grid with vertical (R2) and horizontal (R1) resis-
tances. Figure B.1 shows the designation of the resistances for a section of 4 bowtie
elements( lower right) and the resistor grid as set up in ADS for a 700 element array.
The total equivalent resistance was then simulated while varying the resistor values
for R1 and R2. The R1 resistors represented the horizontal metal connections were
constant across various arrays with different number of elements and were fixed at 5-
10 Ohms. Figure B.2 shows a sample simulation result where the resistor per element
value (R2) was selected as that which gave an equivalent resistance that matched the
measured array resistance.
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Figure B.1: Optical image (right) showing 4 bowtie elements and the equivalent
resistor network.
Figure B.2: Simulation result showing the equivalent resistance for a 700 element
array with varying R1 and R2(SWCNT R/element).
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APPENDIX C
PROCESS PARAMETERS
Reactive Ion Etch (RIE): STS Vision 320 Mark II RIE System
Target: SiO2
• Process pressure: 40
• RF Set point: 250
• Stabilization time: 15
• Step time (m): 10
• CF4 (6): 24
• O2(5): 6
Plasma Enhanced Chemical Vapor Deposition (PECVD): STS Vision
320 Mark II PECVD System
Material: SiO2
• Cload Position: 50
• Ctune Position: 50
• Drive match: 1
• Process Pressure: 800
• RF Setpoint: 30
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• Stabilization time: 30
• Steptime(m): 10min
Sputtering: ATC ORION 8 UHV
Material: Palladium
• Gun parameters: DC, 750W, 100V, 1000mA
• Argon flow 12 SCCM
• Power STPT(
• Shutter Delay: 15.0
• Coat time: 95s - 45nm
UV Ltihography: Suss MicroTec MA6 Mask Aligner:
a) Wafer preparation for 1813 Positive photoresist
• HMDS: 3000rpm, 15s
• s1813: 3000rpm, 30s
• Softbake: 120o C, 60s
• Exposure using 20mW/cm2, 3s, vacuum contact
• Toulene Soak, 5min, blow dry
• Develop using Shipley 351 for 60-90s
• DI rinse followed by N2 blow dry
b) Wafer preparation for 1813 Positive photoresist
• HMDS: 3000rpm, 15s
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• NR9-1000: 3000rpm, 30s
• Softbake: 150oC, 60s
• Exposure using 20mW/cm2, 2s, vacuum contact
• Post exposure bake: 100oc, 60s
• Develop in RD6 for 8s
• DI rinse followed by N2 blow dry
Ebeam Lithography
• Acetone followed by IPA
• PMMA: 1500rpm, 60s
• Softbake: 180o c, 60s
• Exposure using JEOL JSM-7001F Ebeam Writer with Nanometer Pattern Gen-
eration System (NPGS v.9)
• Develop in MIBK:IPA (1:3) for 60s
• IPA rinse for 20s
• DI rinse for 20s followed by N2 blow dry
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